Sticklebacks in Lakes Wapato and Chelan are far inland and highly isolated from other populations. They live about one year. Rainbow trout prey on sticklebacks most heavily during the winter, and this predation is random on males and females and on the three plate morphs. However, trout show strong selective predation on sticklebacks with respect to plate number. The selective advantage of seven plated sticklebacks under predation is highly significant and consistent over three years. The frequency of seven plated adults in Lake Wapato was 56 per cent, in 1968, but increased to 65 per cent, in 1969 and has since remained at about 62 per cent. This large increase coincides with the time interval when predation was heaviest and when selective predation favouring sevens was greatest. The heritabilities for number of plates and gill rakers are high, and so the values obtained for the increase in mean relative fitness show that natural selection is acting strongly on these traits. Predation acting on the variation in plate number and food specialisation acting on gill rakers are two of the major selective agents.
I. INTRODUCTION
THREESPINE sticklebacks (Gasterosteus aculeatus) are renowned for their great phenotypic variation, especially so for the number of bony plates on the sides of the body and the number of gill rakers (Bertin, 1925 ; Heuts, I 947a; Munzing, 1963; Miller and Hubbs, 1969; Paepke, 1970; Hagen and Gilbertson, 1972) . The causes of this variability are complex and poorly known. Both marine and freshwater populations of this small fish occur along the coasts of the northern hemisphere, and hybridisation between the two maintains some of the variation (Munzing, 1963; Hagen, 1967) . But in the Pacific Northwest of America hybridisation is largely confined to narrow zones in some coastal streams and apparently introgression does not occur (Hagen, 1967; Hagen and McPhail, 1970; Hagen and Gilbertson, 1972) . Heuts (1947b Heuts ( , 1956 found some correlations between plate number, temperature tolerance and the ability to osmoregulate, suggesting that natural selection may be acting on plates with respect to these environmental factors. Recent evidence strongly suggests that natural selection is one of the principal causes of the phenotypic variation in sticklebacks (Hagen and McPhail, 1970) and that selective predation by predatory fish is at least one of the major selective agents causing large differences in plate number among freshwater populations (Hagen and Gilbertson, 1972; Moodie, 1972) , whereas feeding specialisation to diverse environments is one of the major factors acting upon the variation in gill rakers.
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In this paper we give further evidence for selective predation on sticklebacks with respect to their plate number. The evidence was obtained from an examination of 4559 stomachs of rainbow trout (Salino gairdneri) taken from a freshwater lake in Washington State. In conjunction with this we have also estimated the overall intensity of selection acting upon the variation in plates and gill rakers in the lake during 1969, as measured by the survival from offspring to adults in a single generation.
For any meaningful interpretation of the selection acting upon these quantitative traits their heritability must be known. Several estimates have been made with stocks from Lake Wapato (Hagen, 1972) where the present study was conducted. The heritability for gill rakers is O58 O56. The two estimates for number of plates are O50±OO43, and O83±0033, depending upon the temperature at which the offspring are reared. Another estimate for the heritability of plate number is O84 0O39, and was determined from a series of crosses from five populations. There is thus a large store of additive genetical variance available in these populations for response to selection.
As is the case for all studies in ecological genetics, here too a brief description of the population structure and the distribution of phenotypes in the lake is necessary before the evidence for selective predation and the intensity of selection can be evaluated.
MATERIALS AND METHODS
Lake Wapato is located on the eastern slopes of the Cascade Mountains in the desert of central Washington. The lake is 87 hectares in size and is adjacent to Lake Chelan, a very large glacial lake of 13,408 hectares. The sticklebacks in these lakes are highly isolated from other populations because they are east of the mountains, whereas sticklebacks are otherwise confined to the lowlands along the Pacific coast. All drainages into the lakes come from snowflelds and glaciers in the mountains and the one outlet into the Columbia River, in Lake Chelan, drops vertically 135 metres through an impassable gorge. The distance to the ocean along the river is 805 kilometres.
Rainbow trout are stocked in the lake by the State authorities for anglers. The trout and sticklebacks occur in large numbers and when the work began no other fish were present, but later small numbers of catfish (Ictalurus) and sunfish (Lepomis) were introduced. The lake water is usually clear with visibility extending to about 3 metres.
Sampling stations for sticklebacks were established at three sites spaced out round the lake. Samples were made with a 5-metre seine (two-man) with a mesh size of 5 mm. We have given evidence elsewhere that this method yields random samples (Hagen and Gilbertson, 1972) . The samples were taken between April and October of 1968 , 1969 preserved in 10 per cent. formalin. Samples of sticklebacks for estimating age from the annuli of otoliths were frozen in polythene sacs until ready for use.
Four thousand three hundred and eighty-three rainbow trout were caught by anglers fishing from dinghies in the open water of the lake from May through June; the entrails of the trout were preserved in large containers of 15 per cent. formalin provided for the anglers. These samples of trout cover the same three years as do the above samples of sticklebacks taken from the lake. One sample of 176 trout was taken during the winter (December) of 1968 using monofilament gill-nets.
Three plate morphs occur in the lake as they do in other freshwater sites (Hagen and Gilbertson, 1972) . We have named these the low, partial arid completely plated morphs to distinguish them from the marine trachurus and hybrids. The low plated morph has anterior plates only, the partially plated morph has anterior plates and a caudal keel of plates, and the completely plated one has a continuous series of bony plates along the sides of the body ( fig. 1 ). The three morphs are controlled by major genes Fin. 1.-Plate morphs of Gasterosteus aculeatus; plates are shown with stippling. (Hagen and Gilbertson, 1973) . The number of plates in each morph varies widely. In Lake Wapato plate number varies from three to 14 in the low plated morph, and from three to 27 in the partially plated one. As mentioned in the Introduction this quantitative variation in plate number within each morph has a high heritability.
Individuals were scored for standard length, sex, plate number, plate morphs, and number of gill rakers according to the criteria of Hagen and Gilbertson (1972) . The number of plates and gill rakers are fully developed in this population when the offspring reach a size of 28 mm., which corresponds to an age of about 2 months (Hagen, 1972) . Methods for preparing and scoring annuli of otoliths (sagitta) for age estimates follow those of Jones and Hynes (1950) .
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Counts of plates on sticklebacks removed from trout were only made on those taken from the oesophagus and anterior portion of the stomach. These are always completely intact and show no obvious signs of digestion. We find as did Moodie (personal communication) that sticklebacks from the posterior part of the stomach and intestine are too digested to give reliable counts of plates. After staining with alizarin (Red S) in 2 per cent. KOH, the plates were counted and the sex was recorded.
RESULTS
(A) Life history and population structure Reproduction begins in Lake Wapato in April, when large numbers of sticklebacks move into the shallows of the lake, and reaches a peak through May and June. As is usual for sticklebacks, adults die after reproduction and their corpses litter the shallows in July and August.
The distribution of size classes is unimodal in April and May, but becomes sharply bimodal in June when offspring are first taken ( fig. 2 ). As adult mortality progresses, the larger size classes decrease in frequency, and in September the distribution is again unimodal. Approximately the same histograms were obtained over three years, indicating the sticklebacks live one year. Independent estimates of age were obtained by scoring the annuli of otoliths, which also indicate the sticklebacks live one year ( fig. 2) . However, about 8 per cent. of the adults aged as 1 year old by size are scored as 2 years old by otoliths. We collected an additional 85 corpses of postreproductive adults in July and all were scored as 1 year old by their otoliths. So at least 92 per cent, of the individuals live only one year and possibly as much as 8 per cent. survive two years. The length of life clearly varies among populations (Greenbank and Nelson, 1959; van Mullem and van der Vlugt, 1964; Moodie, 1970) , and it is relevant that the sticklebacks in Wapato with a short length of life are also unusually small (mean size of adults is 43 mm.).
It is difficult to obtain an unbiased estimate of the sex ratio of adults because males establish nesting colonies in the shallows of the lake. However, there are significantly more females in our samples from the colonies (table   1 ). This excess of females is probably real because there are also more females in the offspring samples, and the departure from equality is highly significant (table I) .
In no instance was there a significant difference among sites in the lake for frequencies of plate morphs, number of plates, or gill rakers of the sticklebacks and so the data for the three sites are pooled. Not only are are shown below histograms.
-.1 the frequencies of the plate morphs stable among sites, but table 2 shows they are also stable over the 3 years, the differences being non-significant. Morph frequencies differ significantly between the sexes (table 2) , but the differences are very small. Since the completely plated morph is at a very low frequency in the lake, constituting much less than 1 per cent, of the population, plate number for the low and partially plated morphs only is shown. The sexes do not differ for this trait (table 3) . The distribution for the number of plates is skewed toward higher numbers, but about 90 per cent, of the population has counts from six to eight plates and there is a very large mode of 61 per cent. at seven plates. The plate number of adults differs significantly over the three years (X2O) = 93; P < 0.001). In particular there is a very large difference between 1968 and 1969, when the frequency of seven plated fish increased from 56 to 65 per cent. (table 3) . Like the adults, the distribution for the offspring also differs significantly over years (42) = 150'66; P < 0.001), and they too show a very large increase in number of seven TAaLE 2
Plate morphs: frequencies for the sexes of Gasterosteus (above), and frequencies over three years selection must have favoured seven plated fish very strongly during the winter of 1968. In fact, a comparison between the offspring and adults in each generation shows that individuals with counts less than seven decrease in frequency whereas those with counts of seven or eight increase (table 3) . The differences between adults and offspring within each year will then of course be significantly different as is shown (table 3) . The large increase in frequency of sevens is maintained in both the adults and offspring in 1970 (and to the present, unpublished data). The closely corresponding changes in frequencies between adults and offspring are to be expected since the heritability for plate number is high. These changes in plate number are very relevant to several points considered later.
As with plates, the number of gill rakers do not differ between the sexes (table 4), but unlike plate number the distribution is nearly normal. Gill rakers also show a significant difference between 1968 and 1969 (table  5) with an increase in the mean and a decreased variance, and these changes Of the trout that had food in their stomachs between 9 and 12 per cent. ate sticklebacks in the spring samples, and they averaged between 2.4 and 3 sticklebacks in their stomachs (table 6 ). Predation appears to be much heavier in the winter, however, as 80 per cent, ate sticklebacks at that time and they also averaged more sticklebacks in their stomachs (4.8 per stomach).
This increased predation largely arises because during the winter trout as small as 22 cm. feed on sticklebacks, whereas in the summer only trout 35 cm.
or larger feed on them and there are relatively few large trout in the lake.
Females predominate in the samples taken from trout stomachs (table 6 ). But, as was shown, there are significantly more females in the lake so this may not indicate heavier predation on them. The sex ratio is homogeneous for samples taken from the trout (xi) = 602; 020>P>0l0) and are thus pooled. Taking the observed sex ratio in the lake as an expected value (2071 males: 2590 females) there is then no evidence for selective predation on the females (41) = 240; 0.20>P>0.lO).
Frequencies for the three plate morphs in the trout stomachs are also homogeneous over years (table 6; x = 33, 0•50>P>030), and so the combined data are compared with frequencies of the morphs in the lake, as there is no spatial or temporal heterogeneity. Predation on the morphs is apparently random (41) = 302; 0.l0>P>0.50).
Although the frequencies for plate number do not differ between sexes or among sites, there are large differences over the three years. We must therefore compare the samples of sticklebacks from trout stomachs for each year with the corresponding samples from the lake. Clearly the trout are not taking a random sample of the sticklebacks with respect to their plate number and although this selective predation is not quite significant in the spring of 1968 it is highly significant in the winter, and in 1969 and 1970 (table 7) . The pattern of selective predation is consistent and striking over the 3 years. This can be evaluated by comparing the frequencies (in percentages) of sticklebacks with different plate counts from trout stomachs with those sampled from the lake over the same interval of time (table 7) . Seven plated sticklebacks are consistently preyed upon at a lower frequency than expected. This selective advantage of sevens is least in the spring of 1968 at 7 per cent., and is greatest in the winter of 1968 at 30 per cent. and the spring of 1969 at 40 per cent. Individuals with counts less than seven and those with nine plates are at a strong disadvantage under predation. For example, sticklebacks with five plates average a 12 per cent. disadvantage over years. On the other hand, eights appears to be neutral with respect to predation.
(C) The interuity of selection These sticklebacks are unusually favourable for estimating the intensity of selection because nearly all the fish live only one year and they can reliably be scored for number of plates and gill rakers at the early age of about 2 months (Hagen, 1973) .
A sample of 3096 offspring was taken in September 1969, when they varied from 30 to 34 mm. size. A sample of 3236 adults was taken in midJune of the following year, just before the onset of post-reproductive mortality. Thus the time interval nearly spans one generation of selection but will not of course account for survival from egg to about 2 months of age. It should be clear that the samples of offspring and adults are taken from a single generation; although the heritabilities for plates and gill rakers are high, it would not be valid to estimate the intensity of selection using offspring and adults from different generations unless the heritability were equal to one because they would then be exposed to different environments during development and it would be impossible to separate selective mortality from environmentally induced variation. In contrast with the previous data, plates were counted on both sides of each individual and summed, so the plate number will in general be twice that usually shown (table 8) . Gill rakers are tedious to count, especially when very large samples are required, as is the case for estimating the intensity of selection. Counts are therefore from the left side only, as usual. We have evidence from large samples in the lake that counts do not differ between sides (fluctuating asymmetry), so counts from one side would not affect our conclusions. Haldane (1954) and Van Valen (1965) showed that the intensity of selection may be evaluated as 1 1 -di, th being the mean fitness. This estimate gives the proportion of selective deaths relative to the phenotype having the greatest survival from offspring to adult (the optimum phenotype).
It is the same as the genetic load but measures survival of phenotypes Rel ative fitness, change in mean relative fitness (zlthjth = V/th°), and intensity of selection (I = 1-th) for lateral plates and gill rakers of sticklebacks, Lake Wapato. The statistics are: 2 and 2', V and V,,, means and variances for traits before and after selection; th and th' and IT and V,,, Doriald (1968 Doriald ( , 1970a Doriald ( , 1970b Doriald ( , 1971 showed the intensity of selection as measured above has undesirable properties. It is estimated relative to an optimum phenotype, but the optimum may often not exist as for example with directional selection. Even with stabilising selection the determination of an optimum is subject to sampling error and unless samples are very large a misplaced optimum will seriously affect the results. Indeed, the optimum is an hypothetical quantity that selection can never achieve because there will always be variation round the mean, environmental and genetic. Rather than measure the amount by which fitness is depressed below an optimum as does the value I, O'Donald has taken the increase in mean relative fitness (Lth/z -V/thZ, where Vw is the variance in fitness) as the best index for measuring the intensity of selection because it gives the proportionate amount by which selection has raised the mean fitness and so
is not a purely hypothetical quantity as is I. We have estimated both indices of selection; even though the intensity is less meaningful it may be useful as a comparison where others have used it. The data and results are shown in table 8. The values for the change in mean relative fitness (and intensity of selection) show that selection is acting strongly upon the variation in number of plates and gill rakers. Given the selective predation acting upon plate number the large value is not too surprising. The selection on plate number is largely stabilising as the optimum phenotype, at 17 plates (asymmetric individuals with eight plates on one side and nine on the other), is close to the population mean. The selection on gill rakers is strongly directional with the optimum far removed from the population mean. The optimum is at lowest counts and fitness progressively declines with increasing numbers. This is a very surprising result as it suggests the population is not in equilibrium. In any case, the distribution of fitness for gill rakers nicely shows us how arbitrary is the choice of an optimum phenotype, as the optimum must be at some low and unknown value.
The indices of selection we have used only measure survival from offspring to adult and of course take no account of differential mating or fecundity. Sampling error for frequencies of the phenotypic classes will inflate our estimates of selection, but on the other hand the estimates may be minimal because they take no account of survival from egg to about 2 months of age.
It is of interest to obtain the correlation coefficients between the number of plates and gill rakers for offspring and for adults because this may indicate whether or not fitnesses for the two traits interact. The correlation coefficient for the offspring is r OO5l and for the adults is r = 0025 (data for plate number were log-transformed). Both are non-significant (P>0.05), suggesting that selection is acting independently on the two traits for if the fitness were interacting there should be a correlation between the two traits in the adults.
DiscussioN
Rainbow trout in Lake Wapato have shown a highly significant selective predation on sticklebacks in three consecutive years. This selective predation has consistently fallen heaviest on individuals with less than seven plates and those with nine, whereas seven plated fish have had a selective advantage. In the spring of 1968 the advantage of seven plated fish was at 7 per cent. but during the winter and following spring this greatly increased to 30 and 40 per cent.
It is significant that in the spring of 1968 the frequency of seven plated adults was only 56 per cent, and 45 per cent, in their offspring. But there was a great increase to 65 per cent, in the following spring of 1969. Clearly selection must have strongly favoured seven plated individuals during the winter to increase their frequency within one generation from 45 per cent. in the offspring to 65 per cent, in the following spring when they had grown to adults. It was in fact during the winter of 1968 and the spring of 1969 that we obtained the greatest values for selective predation favouring seven plated sticklebacks. It was also during the winter that trout predation upon sticklebacks was greatest, as was also found by Foerster (1968) and Moodie (1972) . Since this large increase in frequency of seven plated sticklebacks in Lake Wapato coincides with the strongest selective predation favouring sevens, and with the most intense trout predation during the winter, it is very likely the cause was the selective predation. But it is impossible to prove. In any case the frequency of seven plated fish was maintained at 62 per cent. in 1970 (and to the present time).
Why then was the frequency of seven plated fish at so low a value in 1968 when the work began? Lake Wapato was poisoned with rotenone by the State authorities in 1957, and since 1965 they have stocked the lake with about 51,000 trout fry each year (Fred Holmes, State Fisheries, personal communication). The only source from which sticklebacks could recolonise Lake Wapato is Lake Chelan (see Materials and methods). Water is pumped up to Wapato from Chelan during the spring, for use in irrigation, through a discharge line with a diameter of 75 cm. Although we took no sticklebacks in our nets suspended at the outlet during this study, live sticklebacks are sometimes pumped into the lake (U.S. Bureau Land Reclamation, Manson). The frequency of seven plated sticklebacks in Chelan is 46 per cent. (Hagen and Gilbertson, 1972) . It is thus very likely that Wapato was recolonised by sticklebacks from Chelan after Wapato was poisoned, which accounts for the low frequencies of seven plated fish in 1968.
The mean for gill rakers in Chelan is 194, which is greater than that in Wapato. Means for gill rakers are significantly greater in large glacial lakes than they are in streams or marshes, which is apparently a specialisation for gathering food (Hagen and Gilbertson, 1972) . Chelan is a very large glacial lake and Wapato a much smaller, marshy lake. Immigrants from Chelan into Wapato may thus be subjected to selection for a decrease in number of gill rakers, and indeed we found strong directional selection acting upon gill rakers such that individuals with lowest counts have the greater fitness. The data for gill rakers therefore supports the conclusion that Wapato was recently colonised from Lake Chelan.
Moodie (1972) studied predation by cut-throat trout on sticklebacks in
Mayer Lake, British Columbia, over three years. He found that these trout also selectively prey upon sticklebacks with different plate counts.
In the lake where trout predation is heavy, 73 per cent, of the sticklebacks are seven plated, but in streams round the lake where trout are absent, the 30/3-T 2 frequency drops abruptly to 2 per cent. Selective predation has thus been found in two widely separated localities in the Pacific Northwest, and in a recent geographic survey (Hagen and Gilbertson, 1972) we found a very close correlation between the distribution of predatory fish and modes at seven plates in populations of Gasterosteus. In that study we also found that Lake Summit, like Wapato, had been poisoned and there too the evidence strongly suggests that the frequency of seven plated sticklebacks rapidly increased after the lake was re-stocked with trout. The values obtained for the increase in mean relative fitness show that very strong natural selection is acting upon the variation in number of plates and gill rakers of sticklebacks, and apparently this acts in part through the agents of selective predation on plate number and feeding specialisation on gill rakers. Any attempts to explain the variability of these traits in freshwater populations of Gasterosteus that does not take account of natural selection will fall short. Thus the hypothesis of Miller and Hubbs (1969) , that this variability is maintained by introgression and nothing more than this, can be rejected. 
